ternal hypoxia inhibits cardiomyocyte proliferation in the heart of fetal and neonatal rats. The present study tested the hypothesis that hypoxia has a direct effect inhibiting cardiomyocyte proliferation via upregulating tissue inhibitors of metalloproteinases (TIMP) in fetal rat hearts. Isolated fetal rat hearts and rat embryonic ventricular myocyte H9c2 cells were treated ex vivo with 20% or 1% O 2 for 48 or 24 h, respectively. Hypoxia caused a significant reduction in cardiomyocyte Ki-67 expression and bromodeoxyuridine incorporation in fetal hearts and H9c2 cells. In both fetal hearts and H9c2 cells, hypoxia resulted in a significant decrease in a cell division marker cyclin D2 but an increase in a cell division inhibitor p27. Additionally, hypoxia caused an upregulation of TIMP-3 and TIMP-4 in fetal hearts and H9c2 cells. Knockdown of TIMP-3 in H9c2 cells significantly increased cyclin D2 and Ki-67 and partially blocked the hypoxia-induced inhibition of cyclin D2 and Ki-67 in H9c2 cells. Unlike TIMP-3, TIMP-4 knockdown had no significant effects on the basal levels of cell proliferation but completely abrogated the hypoxia-mediated effects. These findings provide evidence of a novel causal role of TIMP-4 and TIMP-3 in the direct inhibitory effect of hypoxia on cardiomyocyte proliferation in the developing heart. hypoxia; cardiomyocyte; proliferation; TIMP; H9c2 HYPOXIA is a common stress to fetal development and may occur under many conditions including pregnancy at high altitude, pregnancy with cigarette smoking, drug abuse, anemia, pulmonary disease, and preeclampsia. The adverse effects of fetal hypoxia include intrauterine growth restriction and perinatal morbidity and mortality. The long-term detrimental effects of fetal growth restriction on the development of cardiovascular disease in later adult life have been well established (2, 3, 10, 23) . Recent studies in a rat model of maternal hypoxia and fetal growth restriction demonstrated a decrease in cardiomyocyte proliferation and premature transition of mononucleated cells to binucleated cells with increased cell sizes in the fetal heart (1, 38). In rat heart development, the transition of proliferative and hyperplasic growth of mononucleated cells to hypertrophic growth of binucleated cells and terminal differentiation of cardiomyocytes take place within the first 2 wk after birth (5). The hypoxia-mediated premature exit of the cell cycle with disproportional increases in terminally differentiated cardiomyocytes in the heart of growth-restricted fetuses suggests an early morphological indication of cardiomyocyte hypertrophy resulting in fewer but larger cardiomyocytes in the heart of offspring (20, 44) . A fetal hypoxia-mediated decrease in cardiomyocyte proliferation was associated with altered expression patterns of matrix metalloproteinases (MMPs) and increased collagen deposition in the heart (38). The functional impact of these changes has been demonstrated in adult offspring in which a sustained reduction of MMP-2 and enhanced collagen accumulation were found in the heart along with left ventricular hypertrophy and stiffening, diastolic dysfunction, and heightened vulnerability to ischemic injury (20, 21, 31, 38, 44 -46).
hypoxia; cardiomyocyte; proliferation; TIMP; H9c2 HYPOXIA is a common stress to fetal development and may occur under many conditions including pregnancy at high altitude, pregnancy with cigarette smoking, drug abuse, anemia, pulmonary disease, and preeclampsia. The adverse effects of fetal hypoxia include intrauterine growth restriction and perinatal morbidity and mortality. The long-term detrimental effects of fetal growth restriction on the development of cardiovascular disease in later adult life have been well established (2, 3, 10, 23) . Recent studies in a rat model of maternal hypoxia and fetal growth restriction demonstrated a decrease in cardiomyocyte proliferation and premature transition of mononucleated cells to binucleated cells with increased cell sizes in the fetal heart (1, 38) . In rat heart development, the transition of proliferative and hyperplasic growth of mononucleated cells to hypertrophic growth of binucleated cells and terminal differentiation of cardiomyocytes take place within the first 2 wk after birth (5) . The hypoxia-mediated premature exit of the cell cycle with disproportional increases in terminally differentiated cardiomyocytes in the heart of growth-restricted fetuses suggests an early morphological indication of cardiomyocyte hypertrophy resulting in fewer but larger cardiomyocytes in the heart of offspring (20, 44) . A fetal hypoxia-mediated decrease in cardiomyocyte proliferation was associated with altered expression patterns of matrix metalloproteinases (MMPs) and increased collagen deposition in the heart (38) . The functional impact of these changes has been demonstrated in adult offspring in which a sustained reduction of MMP-2 and enhanced collagen accumulation were found in the heart along with left ventricular hypertrophy and stiffening, diastolic dysfunction, and heightened vulnerability to ischemic injury (20, 21, 31, 38, 44 -46) .
However, it remains unclear whether gestational hypoxiainduced downregulation of cardiomyocyte proliferation in the fetus is a result of hypoxia acting directly on the fetal heart or a result of secondary stress effects induced by maternal hypoxia. Additionally, little is known about the mechanisms linking fetal hypoxia and the inhibition of cardiomyocyte proliferation in the fetal heart. Our recent studies have demonstrated that maternal hypoxia significantly increased the expression levels of tissue inhibitor of metalloproteinase (TIMP)-3 (TIMP-3) and -4 (TIMP-4) in the fetal heart (38) . In addition to their roles in modulating MMPs, it has been suggested that both TIMP-3 and TIMP-4 may be involved in inhibiting cardiomyocyte proliferation in rat hearts possibly via a MMP independent and receptor-mediated manner (12, 13, 40) . Herein, we present evidence of a novel causal role of TIMP-3 and TIMP-4 in the direct inhibitory effect of hypoxia on cardiomyocyte proliferation in the fetal heart and suggest new insights of molecular mechanisms linking fetal hypoxia and early morphologic indication of cardiomyocyte hypertrophy in the developing heart.
MATERIALS AND METHODS
Experimental animals. Time-dated pregnant Sprague-Dawley rats were purchased from Charles River Laboratories (Portage, MI). Pregnant rats of gestational day 17 were anesthetized with 75 mg/kg ketamine and 5 mg/kg xylazine injected intramuscularly. The adequacy of anesthesia was determined by the loss of a pedal withdrawal reflex and any other reaction from the animal in response to pinching the toe, tail, or ear of the animal. Additionally, even respiration rate of the animal under anesthesia was closely monitored, and an increased respiration rate was used as a sign that anesthesia was too light. After fetuses were removed, pregnant rats were euthanized by removing the hearts. Day 17 fetal rats were euthanized by decapitation, and hearts were collected for ex vivo studies. For ex vivo treatment, hearts were cultured in M199 (Hyclone, UT) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin at 37°C in 95% air-5% CO2, as reported previously (31, 32) . Hearts were given 24 h of recovery time before being placed in a hypoxic chamber with 1% O2 for 48 h as reported previously (31, 32 (31, 32) .
Immunofluorescence staining. The expression of Ki-67 and ␣-sarcomeric actinin (cardiomyocyte marker) was determined in the fetal hearts and H9c2 cells by double immunofluorescence staining visualized with a confocal microscope, as previously described (32, 43) . Fetal hearts were fixed and cut into sections (5 m) transversally at the middle section. The slices were incubated with 0.3% H 2O2 for 10 min to block the endogenous peroxidase activity. Antigen retrieval was performed by microwaving sections in a citrate buffer for 10 min before the immunofluorescence staining procedure. H9c2 cells were fixed in acetone for 10 min and treated with 0.3% H 2O2 to block the endogenous peroxidase activity. After being blocked with 1% bovine serum albumin for 1 h at room temperature, the samples were incubated with the following primary antibodies: rabbit anti-Ki-67 (Abcam, Cambridge, MA) and mouse anti-␣-sarcomeric actinin (Sigma, St. Louis, MO) (1:100) at 4°C overnight. The samples were then incubated with the secondary antibodies: anti-mouse FITC-conjugated and anti-rabbit Texas Red-conjugated antibodies (1:200) at room temperature for 1 h. After three washes, the samples were stained with Hoechst 33258 (5 g/ml) (Sigma) for 1 min. The immunofluorescence staining was acquired with the Zeiss LSM 710 confocal microscope, and the quantitative analysis of colocalization of Ki-67 and ␣-sarcomeric actinin-positive cells were carried out with the Image J software in a blinded manner.
Bromodeoxyuridine staining. The effect of hypoxia on DNA synthesis of fetal hearts was examined with the bromodeoxyuridine (BrdU) staining, as previously described (14, 48) . After the hypoxic treatment, fetal hearts were incubated in the M199 media supplemented with the BrdU-labeling reagent (Invitrogen, Camarillo, CA) at 37°C for 6 h. Hearts were then fixed, and transverse sections of 5 m were prepared from the middle portion of each heart. Immunohistochemical detection of BrdU in fetal hearts was performed using the BrdU staining kit (Invitrogen) according to the instructions of the manufacturer. Nonspecific binding sites were blocked with the blocking solution for 10 min, and the slices were incubated with biotinylated mouse anti-BrdU for 1 h at room temperature. After being rinsed three times in PBS for 5 min each, the samples were exposed to streptavidin-peroxidase and reacted with the diaminobenzidine substrate solution according to the manufacturer's instructions.The immunofluorescence staining of BrdU was viewed with a Zeiss microscope, and the images were acquired with an attached SPOT digital camera imaging system.
Western blot analysis. Fetal hearts and H9c2 cells were homogenized in a lysis buffer containing 150 mM NaCl, 50 mM Tris·HCl, 10 mM EDTA, 0.1% Tween-20, 1% Triton, 0.1% ␤-mercaptoethanol, 0.1 mM phenylmethylsulfonyl fluoride, 5 g/ml leupeptin, and 5 g/ml aprotinin (pH 7.4) and allowed to incubate for 1 h on ice. Homogenates were then centrifuged at 4°C for 10 min at 10,000 g, and supernatants were collected. Protein concentrations were measured in the supernatants using a protein assay kit (Bio-Rad). Samples with equal amounts of proteins were loaded onto 12% polyacrylamide gel with 0.1% sodium dodecyl sulfate and separated by electrophoresis at 100 V for 1.5 h. Proteins were then transferred onto nitrocellulose membranes. Nonspecific binding sites were blocked for 1 h at room temperature in a Tris-buffered saline solution containing 5% dry milk. The membranes were then probed with primary antibodies against cyclin D2, p27, TIMP-4 (1:1,000 dilution, Abcam), and TIMP-3 (1:1,000 dilution, Millipore, Temecular, CA). To assure equal loading, band intensities were normalized to ␤2-microglobulin (B2M) (1:10,000, dilution Abcam) or actin (1:5,000 dilution, Sigma). After being washed, membranes were incubated with secondary horseradish peroxidase-conjugated antibodies. Proteins were visualized with enhanced chemiluminescence reagents, and blots were exposed to Hyperfilm. The results were analyzed with the Kodak ID image analysis software.
siRNA transfection. Small interfering RNA (siRNA) transfection of H9c2 cells was performed as previously described (43) . The SilencerSelect Pre-designed siRNAs against rat TIMP-3 and TIMP-4 genes were obtained from Invitrogen (Camarillo, CA). Nontargeting siRNAs (NC) were used as a negative control for the gene-specific siRNAs. The siRNAs were dissolved in nuclease-free water and transfected into H9c2 cells with the siPORT NeoFX agent (Invitrogen), following the manufacturer's instructions. Briefly, H9c2 cells were trypsinized and diluted in normal growth medium and set aside at 37°C. siPORT NeoFX agent was diluted in OPTI-MEM I medium (Invitrogen) and incubated for 10 min at room temperature. siRNAs were diluted in OPTI-MEM I medium and then mixed with the diluted siPORT NeoF Magent. The mixture was incubated for 10 min at room temperature, dispensed with H9c2 cells into six-well plates, and incubated for 24 h before the hypoxia treatment was started.
Statistical analysis. Data are expressed as means Ϯ SE. Statistical significance (P Ͻ 0.05) was determined by analysis of variance (ANOVA) followed by Newman-Keuls post hoc testing or Student's t-test, where appropriate. 
RESULTS
Hypoxia directly inhibits cardiomyocyte proliferation. The direct effect of hypoxia on cardiomyocyte proliferation in fetal hearts was determined by examining the double immunofluorescence staining of the nuclear protein Ki-67 and cardiomyocyte marker ␣-sarcomeric actinin. The Ki-67 expression occurs throughout all phases of the cell cycle, except for the G0 phase (8) . As shown in Fig. 1A , double immunofluorescence staining of the fetal heart sections revealed a predominant distribution of Ki-67 in cardiomyocytes. Quantitative analysis of colocalization for Ki-67 and ␣-sarcomeric actinin demonstrated that hypoxia significantly decreased the percentage of cardiomyocytes that expressed Ki-67 compared with the control condition (Fig. 1C) , suggesting the reduced proliferative activity of myocytes in fetal hearts under the hypoxic condition. Whether the cells were arrested at G0 phase permanently or reenter the cell cycle after withdraw of hypoxia remain to be determined. In addition, the direct effect of hypoxia on the DNA synthesis in fetal hearts was determined by BrdU incorporation. As shown in Fig. 1D , the immunostaining of BrdU demonstrated the dark brown dots within the cells that are located at the outer layers of fetal hearts.After the hypoxic treatment, decreased BrdU-positive cells in the fetal heart were observed (Fig. 1D) . Given that BrdU is a nonspecific marker for DNA synthesis, in addition to cardiomyocytes, possible BrdU staining of cardiac fibroblasts may not be excluded. The finding of BrdU-positive cells largely located in pericardial area was likely due to the perfusion limitation of BrdU since it was given by addition to the media in intact fetal hearts. Consistent with the findings in fetal hearts, double immunofluorescence staining in H9c2 cells clearly demonstrated that Ki-67 expression was mainly localized within cardiomyocyte nuclei (Fig. 1B) . The ratio of Ki-67-positive nuclei to the total number of nuclei in H9c2 cells was significantly reduced by the hypoxic treatment (Fig. 1C) , demonstrating the similar response of H9c2 cells as that found in fetal hearts.
Hypoxia increases p27 and decreases cyclin D2 expression.
Cyclin D2 is a protein known to be necessary for cardiomyocyte proliferation and serves as a proliferative marker (28) . On the other hand, p27 is a cell cycle inhibitor and induces suppression of cell proliferation (28) . Consistent with the finding of decreased Ki-67 expression and BrdU incorporation in fetal hearts, Western blot analysis demonstrated that hypoxia significantly decreased the expression of cyclin D2 in the fetal heart (Fig. 2) . In contrast, p27 was significantly increased in hypoxic fetal hearts (Fig. 2) . Similar findings were obtained in H9c2 cells (Fig. 2) .
Hypoxia upregulates TIMP-3 and TIMP-4 expression. To determine whether potential mediators TIMP-3 and TIMP-4 were involved in the hypoxia-mediated downregulation of cardiomyocyte proliferation, the expression of TIMP-3 and TIMP-4 was measured by Western blot analysis. Consistent with the previous in vivo findings in fetal rat hearts of maternal hypoxia (38) , ex vivo hypoxic treatment caused a significant increase in both TIMP-3 and TIMP-4 protein abundance, demonstrating a direct effect of hypoxia on the upregulation of TIMP-3 and TIMP-4 expression in fetal hearts (Fig. 3A) . Similar findings were obtained in H9c2 cells (Fig. 3B) .
Knockdown of TIMPs blocks the hypoxia-induced effect. To determine specifically the causal role of TIMP-3 or TIMP-4 in the hypoxia-mediated effect, specific siRNAs were applied to H9c2 cells to silence TIMP-3 and TIMP-4 expression, respectively. As shown in Fig. 4A , both TIMP-3 and TIMP-4 siRNAs efficiently knocked down the hypoxia-induced expression of TIMP-3 and TIMP-4, respectively, in H9c2 cells. We determined further the cause-and-effect relationship of TIMPs knockdown and the hypoxia-induced inhibition of cardiomyocyte proliferation. Knockdown of TIMP-3 significantly increased cyclin D2 expression levels (Fig. 4B ) and the Ki-67-positive nuclei (Fig. 5 ) in H9c2 cells under the control condition and partially blocked the hypoxia-mediated inhibition of cyclin D2 expression (Fig. 4B) 5). Unlike the findings of TIMP-3 knockdown, TIMP-4 knockdown had no significant effect on the expression levels of cyclin D2 and Ki-67-positive nuclei in control H9c2 cells but completely abrogated the hypoxia-induced inhibition of cyclin D2 expression (Fig. 4B) and Ki-67-positive nuclei in H9c2 cells (Fig. 5) .
DISCUSSION
In the present study, we demonstrate for the first time that hypoxia directly inhibits cardiomyocyte proliferation in the fetal heart, which is associated with the increased expression of TIMP-3 and TIMP-4. Additionally, we demonstrate that knockdown of TIMP-4 abrogates the hypoxia-induced inhibition of myocyte proliferation, providing the cause-and-effect evidence of a pivotal role of TIMP-4 in the direct inhibitory effect of hypoxia on cardiomyocyte proliferation in the developing heart.
It has been well documented that prenatal growth of heart depends predominantly on hyperplasia of cardiomyocytes, and the transition of proliferative mononucleated cells to binucleated cells followed by hypertrophic growth of myocytes takes place in late gestation and within the first 2 wk after birth (5, 16) . Fetal heart growth patterns may be altered in a number of ways, such as nutrients (including oxygen), hormones, and the hemodynamic factors (9, 35, 37) . If the maturation is completed before the appropriate number of myocytes is achieved, the heart development could be compromised at birth with fewer myocytes. It has been shown that thyroid hormone (4), atrial natriuretic peptide (30) , experimental reduction in systolic pressure (29) , and fetal hypoxia induced by placental restriction (22, 27) reduce the number of cardiomyocytes in the fetal sheep heart. Similar findings were obtained in rats, showing that gestational hypoxia decreased cardiomyocyte proliferation and increased the percentage and size of binucleated myocytes in fetal hearts (1, 38) , indicating an early morphology of cardiomyocyte hypertrophy (6) .
The present finding that ex vivo hypoxic treatment decreased cardiomyocyte proliferation in isolated intact fetal hearts and H9c2 cells is consistent with the effect of maternal hypoxia on the fetal heart in vivo (38) and demonstrates a primarily direct effect of hypoxia in inhibiting myocyte proliferation in the fetal heart. The intact fetal rat heart model has been well defined and used in previous studies (19, 25, 31, 32, 42, 43, 45) . In the present study, the fetal hearts maintained spontaneous contraction and beating throughout the study period. Along with the fetal hearts, embryonic rat ventricular myocyte H9c2 cells have been widely used in the study of cardiomyocyte proliferation and differentiation (11, 17, 26, 33, 36) . In the present study, the control of 20% O 2 or approximate PO 2 of 140 mmHg appeared supra physiological, as fetal blood PO 2 is about 25 mmHg. However, it is often difficult to directly compare PO 2 values in determining O 2 content and the effect of hypoxia between in vivo and in vitro conditions given the absence of hemoglobin in in vitro culture medium, which determines more than 90% of O 2 content in the blood. Our previous study in H9c2 cells demonstrated that exposure to 20%, 10.5%, or 3% O 2 had no significantly different effects on PKCε expression, but 1% O 2 significantly decreased PKCε expression, suggesting a mode of adaptation to oxygen insufficiency and a critical level of hypoxia in fetal cardiomyocytes (31) . Consistent with the in vivo study of maternal hypoxia showing increased HIF-1␣ protein abundance in the fetal heart (1), a marker of tissue hypoxia, the previous study demonstrated that ex vivo treatment of fetal hearts and H9c2 cells with 1% O 2 resulted in significant nuclear accumulation of HIF-1␣ (32) . This is in agreement with many previous studies in which hypoxic effects were investigated in fetal tissues or cells under 1% O 2 (15, 26, 34, 36, 39) . Whereas it is somewhat difficult to make a direct comparison of oxygen consumption by fetal hearts in ex vivo and in vivo conditions, the condition of 1% O 2 may cause more severe hypoxia in ex vivo fetal hearts than in vivo hearts. The finding that hypoxia-induced decrease in cardiomyocyte proliferation in fetal hearts in vivo and ex vivo mirrored that found in H9c2 cells suggests a congruent underlying mechanism for each model and provides a comparable model of H9c2 cells in investigating the hypoxic effect.
Consistent with the finding that maternal hypoxia caused an upregulation of TIMP-3 and TIMP-4 in fetal hearts (38) , ex vivo hypoxic treatment significantly increased the expression of TIMP-3 and TIMP-4 in isolated fetal hearts and H9c2 cells. No classic HIF-responsive elements were found on either TIMP-3 or TIMP-4 promoters through a computational search of predicted transcription factor binding sites. The possibility that hypoxia-induced upregulation of TIMP-3 and TIMP-4 is mediated by other genes that have HIF-responsive elements remains an intriguing area for further investigation. It is well documented that TIMPs are linked to MMP-independent mechanisms, such as cell proliferation and apoptosis, in addition to their inhibitory effect on specific MMPs (40) . Studies in a TIMP-3-deficient mouse model demonstrated an increase in cardiomyocyte proliferation in neonatal hearts (7) . Further studies showed that TIMP-3 inhibited neonatal mouse cardiomyocyte proliferation via epidermal growth factor/c-Jun NH 2 -terminal kinase/sp1 pathway (12) . On the other hand, TIMP-4 appears to play dual roles in regulating cell proliferation, and its effect is tissue specific (24) . In the present study, the causal effect of TIMP-3 and TIMP-4 in hypoxia-induced inhibition of cardiomyocyte proliferation is further demonstrated by siRNA knockdown experiments in H9c2 cells. Thus we demonstrated that knockdown of TIMP-3 in H9c2 cells significantly increased the expression of cyclin D2 and number of Ki-67-positive nuclei under the normoxic condition, indicating that TIMP-3 plays a pivotal role in controlling the basal levels of myocyte proliferation. Additionally, the previous study demonstrated that cortical cells derived from TIMP-3 knockout mice showed partial resistance against oxygen/glucose deprivation-induced neuronal cell death, implying a proapoptotic role of TIMP-3 in the hypoxic-ischemic condition in vitro (41) .
In agreement with this finding, the present study provided the evidence that knockdown of TIMP-3 partially blocked the hypoxia-mediated inhibition of proliferation in H9c2 cells. Unlike TIMP-3, TIMP-4 knockdown had no significant effect on baseline myocyte proliferation but completely abrogated the hypoxia-induced inhibition of proliferation in H9c2 cells. Although these results clearly demonstrate the causal effect of TIMP-3 and TIMP-4 in hypoxia-mediated inhibition of cardiomyocyte proliferation, the differential effects of TIMP-3 and TIMP-4 in regulating baseline myocyte proliferation are evident and intriguing. It is possible that the basal expression levels and/or activities of TIMP-3 and TIMP-4 in myocytes are quite different with TIMP-3 having relatively high abundance and activity. The high abundance and activity of TIMP-3 may be important in controlling the basal levels of myocyte proliferation, and further upregulation of TIMP-3 by hypoxia may not produce much greater inhibitory effect on cardiomyocyte proliferation. Unlike TIMP-3, the promoter region of TIMP-4 gene does not contain AP1 (activator protein) binding site that is related to the basal expression of TIMP-3 (47) . Thus the basal level of TIMP-4 may be relatively low, and its inhibitory effect on myocyte proliferation is significantly induced by hypoxia. These results collectively suggest that TIMPs comprehensively modulate cardiac tissue remodeling in response to fetal hypoxia. Interestingly, previous studies have demonstrated that genetic manipulation to deplete TIMPs had significant effects on cardiac phenotype. TIMP-3 knockout animals have been shown dilated cardiomyopathy and compromised cardiac contractile performance (7). TIMP-4 deletion mice demonstrate heightened susceptibility to MI but not to pressure overload, and TIMP-4 functions as a metalloproteinase inhibitor after myocardial infarction (18) .
Perspectives and Significance
The present study provides the insight into direct inhibitory effect of hypoxia on cardiomyocyte proliferation in the developing heart and demonstrates the causal effect of TIMP-3 and TIMP-4 in the hypoxia-mediated effect. Although it may be difficult to translate directly these findings into humans, finding the key players in hypoxia-induced cardiac remodeling in the developing heart has significance in clinical implications. This is because gestational hypoxia is one of the most important and clinically relevant stresses to the fetus and because large epidemiological studies indicate a link between in utero adverse stimuli during gestation and an increased risk of ischemic heart disease in the adulthood. Recent animal studies have showed that prenatal hypoxia results in collagen accumulation in the heart along with left ventricular hypertrophy and stiffening, diastolic dysfunction, and heightened vulnerability to ischemic injury in offspring (20, 21, 31, 38, 44 -46) . Further investigation into TIMP-mediated inhibition of cardiomyocyte proliferation in the developing heart is needed to reveal more insights into mechanisms at the molecular level. 
